The base sequence of the pvulIM gene has been determined. This gene codes for a DNA-(cytosine MO-methyltransferase, MPvu U. The base sequence contains a single large open reading frame that predicts a 38.3kDa polypeptide, consistent with experimental data. The pvulIM gene contains some sequences common to DNA methyltransferases in general, but includes none of the sequences specifically conserved among DNA-(cytosine5)-methyltransferases. The pvulIM sequence also reveals an internal homology at the amino acid level, each half of which spans over 100 amino acids and is itself homologous to the sequences of some DNA-(adenine M5)-methyltransferases. A derivative of the pvulIM plasmid was constructed to allow high-level production of MPvu II. Specifically, the composite p lac promoter was inserted 5' to pvulIM, intervening DNA was deleted, and the resulting construct was used to transform an mcrB lacF strain of Escherichia coli. When this transformant was induced with isopropyl-fi-D-galactopyranoside (IPTG), growth rapidly ceased and MPvu II accumulated to the point of comprising over 10% of the total soluble protein.
INTRODUCTION
The great majority of characterized DNA methyltransferases (MTases) generate one of two bases: 5-methylcytosine (5mC) or M5-methyladenine (N6mA). Those two methylations have been known for about 25 years (1, 2) . Much more recently, a third type of DNA MTase was discovered which generates JW-methylcytosine (N4mC; [3] [4] [5] . N4mC has been found in a broad range of bacterial species (6) , and may present particular advantages to thermophilic bacteria since it is more resistant to heat-induced deamination than C or 5mC (7) .
Many DNA MTases generating 5mC or N6mA have been characterized, and the base sequences of their structural genes have been determined in several cases. A comparison of these sequences has revealed two broad classes of conserved elements. One class appears to be relatively general to DNA MTase genes sequenced to date. For example, the consensus sequence DPPY (asp pro pro tyr) has been found in most (though not all) of the N6mA MTases, and in a minority of the 5mC MTases as well (e.g., [8] [9] [10] . The second class of conserved elements are specific to the cystosine MTases (11 -14) , which thus far has only included the sequences for 5mC MTases. This latter group of elements may reflect the reaction mechanism of the 5mC MTases, which appears to involve a temporary covalent linkage between the MTase and the 6 position of cytosine (15) .
The Pvu II restriction-modification system recognizes the DNA sequence 5'-CAGCTG-3' (16). Its genes have been cloned (17) . The MTase was found to act on the internal C of the substrate sequence (17, 18) , and to generate N4mC (18) . We report here the base A representation of the reactions that were used to determine the DNA base sequence of pvullM. Each arrow begins at the position of an oligonucleotide pnmer, described in Materials and Methods, and the length of each arrow represents the range of sequence obtained from a given primer. Each arrow thus corresponds to several independent reaction sets which vaned in reaction and electrophoresis conditions. The insertion points of several 1S1 transpositions, from which sequence was determined with appropriate primers, are also shown (indicated by omegas, with the associated arrows representing the relative orientation). The gray bar indicates the range of the major open reading frame. sequence of the gene for this N4mC MTase, and find that it bears much stronger relationship to N6mA MTases than to the 5mC enzymes. We also find that this enzyme, though probably monomeric, has an element of symmetry provided by an internal homology, each half of which spans over 100 amino acids. 
MATERIALS AND METHODS

Plasmids and bacterial strains
Escherichia coli strain JM107MA2 is an McrB" derivative (17) of the endAl lacP strain JM107 (19) . The plasmid pPvuMl .9, which is a pBR322 derivative, contains thepvuIIM gene on a 1.9kbp DNA segment inserted at the Hind III site (17) . Plasmid pfvuMl.91 has the same DNA segment, but in the opposite orientation. IS1 insertion mutants of pPvuM1.9 were isolated following transformation of strain JM107, selecting for Ap R survivors (17) . Genetic nomenclature follows the recommendations of Szybalski, etal. (20) . DNA sequence determination Double-stranded, covalently-closed, supercoiled, CsCl gradient-purified DNA was used as the template (21, 22) for sequence determination by the dideoxy method (23) . Primers complementary to two positions on pBR322, and to one end of IS1, were purchased from New England Biolabs, Inc. (Beverly, MA). Primers complementary to the other end of IS 1 and to sequences within the MTase gene were produced in this institution on a solid phase synthesizer (Applied Biosystems, Foster City CA); these were deblocked and columnpurified as recommended by the manufacturer, and used without further purification (24) . Sequencing reactions were carried out with [alpha- 35 S] dATP (Amersham Corp., Arlington Heights, IL), and made use of kits including either the Klenow fragment of DNA polymerase I (BRL/Life Technologies, Inc., Gaithersburg, MD) or the T7 Sequenase DNA polymerase (USB Corp., Cleveland, OH). Most reactions were resolved by electrophoresis on buffer gradient gels (25) , and other procedures were carried out as described in ref. 26 . The computer programs used to manage and analyze this data have been described (27) .
DNA sequence corroboration
For restriction maps, all enzymes were used under the conditions recommended by the various manufacturers. The enzymes used that had four-base specificity were Alu I, Dde I, Hha I, Hpa II, Rsa I and Sau3A I. Digests were resolved by electrophoresis on 25cm 1.4% agarose gels, or on 12cm 4% NuSieve R agarose gels (FMC Corp., Rockland, ME), in tris-borate-EDTA buffer. For analysis of proteins, whole-cell extracts were prepared by boiling 2min in sample buffer (80mM tris-HCl pH 6.8, 80mM dithiothreitol, 2% NaDodSO 4 , 10% glycerol, bromphenol blue), and resolved on NaDodSO 4 acrylamide gels (28) . The gels were stained with Coomassie brilliant blue as described (29) . In some cases, photographs of the gels were analysed by scanning densitometry (Shimadzu Corp., Kyoto Japan; model CS-930). Protein size standards were purchased from Sigma Chemical Co. (St. Louis, MO), and apparent protein sizes were calculated as described (30) .
Construction and analysis of an overexpressing derivative
The p lac promoter (31) was isolated as a 269bp BamH I fragment from plasmid pKK223-3 (32; Pharmacia-LKB Biotechnology Inc., Piscataway, NJ). Restriction endonucleases, T4 DNA ligase (Pharmacia-LKB) and calf intestinal phosphatase (Boehringer-Mannheim GmbH, Indianapolis, IN), were used in accordance with the manufacturer's recommendations. JM107MA2 cells were transformed by the CaCl 2 procedure (33), and the boiling method was used to analyze plasmid DNA from lml cultures (34) .
Cultures were grown in DYT medium (per liter: 16g Bacto tryptone, 16g yeast extract, 5g NaCl), and induced in mid log-phase growth through the addition of IPTG to a concentration of lmM. After shaking at 37° for 6h, the cells were pelleted, washed, frozen and thawed, brought up in 0.03 vol of gel filtration buffer (l.M NaCl, 0.01M tris pH 7.5, 0.01M 2-mercaptoethanol), and sonically disrupted. The sonicate was centrifuged for 2h at 27,000xg, and a portion of the supernatant was applied to a 90cmx2.5cm (dia.) column of Biogel R A0.5M (BioRad, Richmond, CA). To assay for methylase activity, 5 /tl of a column fraction was incubated with 1 ng of DNA from bacteriophage lambda in lOmM tris-HCl pH 7.5, 50mM NaCl, lOmM EDTA, 5mM 2-mercaptoethanol, and 160mM S-adenosyl-L-methionine. After 30min at 37°, the reaction was terminated through the addition of NaDodSO 4 (to 0.1%), and incubated for lOmin at 65°. The DNA was centrifuged through a 1 ml column of Sepharose R CL-6B (Pharmacia), and then digested with Pvu II endonuclease in the presence of Mg + + . To examine the protein content of the fractions, 20 /*1 was added to 80 fi\ of H 2 O, and 100 ^1 of cold acetone was added in turn. After 20min on ice, the samples were centrifuged for 15min at 12,500xg. The pellets were brought up in sample buffer and analyzed on acrylamide gels as described above.
RESULTS
Sequence of the pvuIIM gene
We determined the sequence of a 1.86kbp Hind III fragment from plasmid PPVMMI.9, which codes for M-Pvu II. The cloning, boundaries, and orientation of the pvuIIM gene have been described previously (17) . Figure 1 illustrates the starting positions and lengths of sequence obtained with 18 of the 22 oligonucleotide primers that were used. Each arrow represents the sum of several independent experiments in which sequencing and electrophoresis conditions were varied. We made use of a collection of IS1 insertion mutants in pvuIIM, isolated by introducing pPvwM1. fig. 2 . Most of these have been confirmed. Furthermore, six endonucleases having 4-base specificities were used to digest p/VwMl.9. Fragments from within the pBR322 vector were used as internal standards, and 25/25 fragments from the insert were within the limits of electrophoretic resolution of the size predicted by the sequence (not shown).
Protein size. The translated ORF shown in fig. 2 predicts a protein with a molecular weight of 38,300. This is in good agreement with experimental measurements. The product of in vitro transcription and translation was reported as being 34kDa (17) , and the protein induced in an overexpressing strain migrates in NaDodSO 4 gel electrophoresis as 36-38kDa depending on the acrylamide concentration ( fig. 3, and see below) . Functional sequences. The DNA sequence shown in fig. 2 includes regulatory sequences at appropriate locations, though their actual use has yet to be confirmed experimentally. These include a promoter [which is known to be near to the location proposed here (17)], a Shine -Dalgarno sequence and, following the ochre termination codon, a potential rhoindependent transcription terminator. In addition, the two observed hotspots for IS1 insertion ( fig. 1 ) correspond well to binding sites for the E. coli integration host factor ('IHF seq', fig. 2; 35) . IS1 has been shown to transpose preferentially to IHF binding sites (36) .
The coding region itself exhibits two expected features. First, the codon choice is heavily EcoR I EcoR I Hind III Figure 6 . Construction of an inducibly-overexpressing derivative of pPvuM 1.91. As described in the Results, this was a two-step process involving first insertion of DNA containing p, ac and screening for the desired orientation, then deleting DNA between the Sma I and EcoR V sites. Parentheses indicate that the Pvu II sites on all three plasmids are methylated. of p/VuMl .9, in which pvuIIM has been inverted so as to be codirectional with the amp gene. This construction is depicted in fig. 6 . The strong composite promoter p,^ (31) was inserted 5' to pvuIIM, and about 200bp of intervening DNA was subsequently deleted. Only after this deletion could pvuIIM be overexpressed. The deleted DNA, from the tet gene of pBR322, has no obvious transcription terminator sequences. It does include 3 potential stem-and-loop structures having 5bp stems (centered on pBR322 base numbers 216, 280, and 368). The construct resulting from this deletion retains intact the native pvuIIM promoter, and 156bp of DNA from pBR322 remains between p,^ and the Hind HI site that precedes pvuIIM. When strain JM107MA2(pPvwMl.91^,^2) [abbreviated MA2(p IOC 2)] was induced with IPTG, growth rapidly ceased and a protein of the expected size accumulated to the point of comprising over 10% of total soluble protein (over 30% of the staining material on a gel from which the smaller ribosomal proteins have been run off) ( fig. 7) . Furthermore, when an extract of induced cells was resolved via gel filtration, the methylase activity appeared in the same fractions as the induced protein ( fig. 8) .
To confirm the identity of the HTG-induced band, and to add further support to the sequence data, a deletion of p^ was generated by cleavage with endonuclease Spe I. This should create an 81bp (in-frame) deletion within the MTase gene (see fig. 2 ), and lead to the IPTG induction of a protein approximately 3kDa smaller. When strain MA2(p (ac 2-delSpe) is induced with IPTG, its growth ceases with kinetics similar to that of MA2(p (oc 2) (not shown). However, the induced band does, as expected, correspond to a smaller protein ( fig. 9 ). This deletion also eliminates any M-Pvu II activity, whether or not IPTG is present (not shown).
DISCUSSION
We have presented data regarding the base sequence and overexpression of the gene for an N4mC-generating DNA MTase, pvuIIM. The sequence of this gene has three features of particular interest. Figure 9 . NaDodSO 4 gel analysis of four culture extracts. A ' +' refers to a culture that had grown for 240min in the presence of 2mM IPTG. A '-' indicates a parallel, uninduced culture. All cultures used E. coli strain JM107MA2 carrying one of 2 plasmids: pPvuM\.9\-Q lal 2, or its derivative from which an Spe I fragment had been deleted. The whole-cell extracts were loaded onto parallel lanes for electrophoresis with molecular weight markers. The stained gel was photographed, and the negative subjected to scanning densitometry. The top and bottom scans (both uninduced cultures) show essentially identical profiles. The vertical lines indicate the positions of EF-Tu, M'Pvu n, and the protein induced from the Spe I deletion of pvuIIM. Some additional, minor differences are apparent in the scans, and are presumed to represent adjustments by the cell to such a disproportionate synthesis of one protein.
Comparison to the genes of 5mC-generating DNA MTases
It might be supposed that proteins catalyzing the S-adenosylmethionine-dependent methylation of cytosine in dsDNA, though doing so at different positions, would be related to one another fairly closely. ThepvuIIM sequence provides no support for that supposition. Several groups have reported the occurrence of conserved sequences in 5mC MTases (e.g., 11 -14) . None of these conserved sequences are present in pvuIIM. For example, all 5mC MTases sequenced to date, even that from mouse cells (40) , contain a pro-cys pair. The cys of this pair is thought to form a covalent bond to the 6 carbon of cytosine during DNA methylation (15) . The pvuIIM sequence includes a single cys, and it is not adjacent to pro ( fig. 2) .
Comparison to the genes of N6mA-generating DNA MTases
In contrast to the lack of homology between pvuIIM and the genes for 5mC MTases, this N4mC MTase gene has substantial homology to N6mA MTase genes. This has been illustrated in the case of ecoRIM ( fig. 5 ). The homology is between asn 102 and ile 162 of ecoRIM (41, 42) , and roughly the 5' half of the internal homology of pvuIIM. Of the 61 aa this includes, 26 perfectly match counterparts in at least one of the two pvuIIM sequences, and another 16 represent conservative substitutions. The putative DPPY elements of all 3 sequences are in alignment with one another.
N4mC-and N6mA-generating DNA MTases may be functionally related, and perhaps evolutionarily related as well. This is suggested by more than the lack of homology between pvuIIM and the 5mC MTase genes, together with the significant homology between pvuIIM and N6mA MTase genes. Unlike the generation of 5mC, which proceeds via a covalent enzyme-DNA intermediate (15) , N6mA is generated by a direct methylation of the N6 amino group on adenine (43) . The N4 amino group of cytosine is chemically very similar to the adenine N6 amino group (e.g., see fig. 3 of ref. 44) , and could well be methylated by the same mechanism. Furthermore, in duplex DNA they occupy very similar positions in the major groove (see fig. 1 of ref. 45 ). One prediction of this work is that it may be possible for an N4mC MTase to generate N6mA (and vice versa) following mutation or even just under solvent and salt conditions that reduce sequence specificity ('star' conditions). It is worth noting that under star conditions, MEcoR I and MBamHI were seen to extensively methylate DNA outside the cognate sites (46, 57) , but no determination of the methylated base(s) generated was made.
Sequences of more N4mC MTase genes are needed, as are three-dimensional structures of N4mC and N6mA MTases. Nevertheless, the sequence of pvuIIM strongly suggests that N4mC MTases are much more closely related to N6mA MTases than to 5mC MTases. This conclusion is supported by the sequence of the N4mC MTase BamH I (J. Brooks and D. Landry, personal communication). It is interesting that the 8/12 sequence, which is the most highly-homologous portion of the M-Pvu II internal homology, is represented in one other DNA MTase. That is the N6mA MTase MPst I, which recognizes a sequence similar to the Pvu U substrate (5' CTGCAG 3'; 38,39; see fig. 5 ), and is found in a related bacterial species to that producing Pvu II. Internal homology in the pvuIIM gene The degree of internal homology found in pvuIIM is striking. The homologous regions together comprise 206 of the 336 amino acids specified by the ORF (over 60%). Of the 206, 100 are matches or conservative substitutions. Significant internal homology does not appear to be widespread among MTases, but has been found in two other MTase genes (both of which generate N6mA): MPaeR7 I, and MFok I (50,51).
The internal homology may provide these MTases with a degree of structural symmetry, allowing symmetrical interaction with their DNA substrates. Where it has been examined, many (though not all) DNA MTases have been found to bind and modify DNA as monomers, with MEcoR I being the best-studied example (51, 52) . In contrast many DNA-binding proteins, including repressors and restriction endonucleases, bind and act as symmetrical multimers (dimers or tetramers; [53] [54] [55] [56] . This symmetry is a reflection of the symmetry in the DNA sequences they act on. MPvu II recognizes a symmetrical DNA sequence, though it has not yet been shown to act as a monomer.
It is also possible that either or both occurrences of the internal homology represent catalytically-active domains. It is not yet known whether MPvu U modifies both strands in a single binding event like MBamH I (57) or, like MEcoR I, modifies just one strand per binding event (51) . As MBamH I lacks significant internal homology (J. Brooks, personal communication), it is also not clear how single-and double-methylating MTases differ structurally. We have derivatives ofpvuIIM independently altered in each homologous domain, though these derivatives involve substantial deletions (one is the Spe I deletion referred to above, the others are IS1 insertions into the other of the two domains). All of these derivatives are completely inactive.
A third, overlapping possibility is that the internal homology allows the binding of two molecules of S-adenosylmethionine, conferring some kinetic or regulatory advantages on the MTase. It is particularly interesting that both internally-homologous regions of MPvu II include versions of the DPPY consensus sequence, as has also been found for MPaeR7 I and MFok I (49, 50) . This consensus sequence has been suggested to be a pocket for the binding of 5-adenosylmethionine (8 -10) . In M-Pvu n, the amino-proximal occurrence of this sequence has phe in place of tyr, as is seen in M-EcoR I (41, 42) . Both occurrences in M-Pvu II have ser in place of asp, which has not been found previously. The role of these sequences in M-Pvw II, as in other MTases, has yet to be defined.
